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ABSTRACT 

An  experimental  program  has  been  carried  out  to  examine  the  influence  of  bush 
modulus  on  the  fatigue  lives  of  aluminiiun  alloy  specimens  with  bushed  holes  of 
12  mm  diameter.  The  specimens,  with  1  mm  or  2  mm  thick  bushes  of  0.5%  interference 
fit  and  of  widely  different  modulus,  were  fatigue  tested  under  a  representative  fighter- 
aircraft  loading  sequence.  The  thin-walled  bushes  were  found  to  extend  the  fatigue 
lives  of  the  plates  with  holes  by  at  least  4.2  times,  and  the  thick-walled  bushes 
produced  at  least  a  10.9  times  increase  in  life.  The  test  results  also  indicated  that 
different  failure  modes  can  occur  depending  on  the  relative  thickness  and  modulus  of 
the  interference-fit  bush.  Thus,  the  specimens  with  the  highest  bush  modulus  did  not 
necessarily  have  the  longest  lives,  even  though  the  stress  concentration  factor  (due  to 
remote  loading)  at  the  hole  edge  for  these  specimens  was  the  lowest.  Finite-element 
work  was  also  conducted  to  determine  the  stresses  and  strains  in  tiie  interference-fit 
bushes  for  conditions  of  no-slip  and  frictionless  contact  between  the  bush  and  plate. 
High  tensile  strains  were  found  to  occur  in  the  bush  at  the  inner  surface. 
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Effectiveness  of  High  Modulus  Interference-Fit 
Bushes  for  Fatigue  Life  Extension  of  Plates  with 

Circular  Holes 


Executive  Summary 

Holes  exist  in  metallic  aircraft  structixres  for  either  design  or  construction  reasons  and 
their  stress  concentrating  effect  is  such  that  they  are  common  regions  of  crack 
initiation.  Theoretical  and  experimental  investigations  have  respectively  predicted 
and  confirmed  that  the  fatigue  life  of  a  plate  with  a  hole  can  be  increased  by  the  use  of 
an  interference-fit  insert.  Some  theoretical  studies  have  considered  inserts  of  various 
materials  and  wall  thickness.  However,  very  limited  experimental  verification  has 
been  given  in  the  literature  to  assess  the  potential  benefit  of  using  various  materials 
and  wall  thickness  for  the  inserts. 

A  testing  program  to  experimentally  investigate  the  effect  of  the  modulus  of  an 
interference-fit  bush  on  the  fatigue  life  of  an  aluminium  plate  with  a  central  hole  has 
been  carried  out  at  AMRL.  This  report  presents  the  results  of  the  study  which 
examined  specimens  witii  1  mm  or  2  mm  thick  bushes  of  0.5%  interference  fit  and  of 
different  materials;  namely  aluminixun,  steel  and  tungsten  carbide.  The  specimens 
were  fatigue  tested  under  a  representative  fighter-aircraft  loading  sequence.  The  thin- 
walled  bushes  extended  the  fatigue  lives  of  the  plates  with  holes  by  at  least  4.2  times, 
and  the  thick-waUed  bushes  produced  at  least  a  10.9  times  increase  in  life.  The  test 
restdts  also  indicated  that  different  failure  modes  can  occur  depending  on  the  relative 
thickness  and  modtdus  of  the  interference-fit  bush.  The  specimens  witii  the  highest 
bush  modulus  did  not  necessarily  have  the  longest  lives,  even  though  the  stress 
concentration  factor  (due  to  remote  loading)  at  the  hole  edge  for  these  specimens  was 
the  lowest.  Finite-element  work  was  also  conducted  to  determine  the  stresses  and 
strains  in  the  interference-fit  bushes  for  conditions  of  no-slip  and  frictionless  contact 
between  the  bush  and  plate.  High  tensile  strains  were  found  to  occur  in  the  bush  at 
the  inner  surface. 

It  has  been  experimentally  demonstrated  that  interference-fit  bushes  of  various 
modulus  offer  a  potential  life  extension  option  for  plates  containing  open  holes,  such 
as  those  occurring  in  RAAF  aircraft  components. 
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1.  Introduction 

Considerable  theoretical  and  experimental  work  has  been  completed  to  investigate  the 
effect  of  interference-fit  bushes  on  tiie  fatigue  life  of  plates  with  holes.  A  few  papers 
have  discussed  the  added  variable  of  the  material  of  the  bush  [Refs.  1-4].  These  studies 
indicate  that  tmder  remote  loading  more  load  is  transferred  from  the  plate  to  the 
interference-fit  bush  with  increasing  bush  modulus,  hence  resulting  in  a  greater 
reduction  in  maximum  alternating  stress  in  the  plate  at  the  hole  edge. 

Finite-element  methods  were  used  by  Piperias  and  HeUer  [1]  to  determine  stresses  in  a 
uniaxially  loaded  finite  plate,  with  an  interference-fit  bush  or  bush/bolt  combination. 
By  varying  the  bush  modulus  and  thickness,  the  alternating  and  interference  stresses 
in  the  plate  were  altered.  KopUk  and  Klassen  [2],  determined  tiie  stress  and 
displacement  distributions  of  an  irifinite  plate/interference-fit  insert  system  using  Airy 
stress  functions.  Values  of  friction  coefficient  were  calcxilated  which  ensured  the 
condition  of  no-slip  between  the  plate  and  insert  (of  various  moduli).  Stresses  in  an 
infinite  uniaxially-loaded  plate  with  an  interference-fit  bolt  were  analytically 
calculated  for  no-slip  and  frictionless  contact  between  the  plate  and  the  bolt,  by  Crews 
in  [3].  Stress  distributions  in  the  plate  were  determined  for  various  combinations  of 
plate  and  bolt  moduli.  Results  include  hoop  and  radial  stresses  arotmd  the  hole 
boundary  and  plate  transverse  axis,  for  interference  only  and  total  load.  In  [4],  elastic 
and  plastic  stress  and  strain  distributions  were  determined  for  an  elastic/ perfectly 
plastic  aimulus  which  had  remote  (radial)  loading,  interference  loading,  or  a 
combination  of  the  two. 

There  is  a  lack  of  experimental  verification  in  the  literature  to  assess  the  potential  of 
using  various  materials  and  wall  thickness  for  the  bushes.  There  is  also  limited 
information  available  on  the  interference  and  alternating  stresses  in  interference-fit 
bushes  in  finite-width  plates.  Thus,  this  report  describes  such  a  testing  program 
conducted  at  AMRL,  and  presents  results  from  finite-element  analysis  of  the  stresses  in 
interference-fit  bushes. 

Almninium  plates  with  bushes  of  0.5%  interference-fit  and  1  mm  or  2  mm  wall 
thickness  were  fatigue  tested  tmder  a  fighter-aircraft  loading  sequence.  The  bushes 
were  of  three  different  materials;  namely  aluminium,  steel  or  tungsten-carbide;  the 
ratio  of  bush  to  plate  modulus  being  equal  to  1.0, 2.9  and  7.5,  respectively.  Specimens 
without  bushes  were  also  tested  for  reference.  Preliminary  tests  were  also  undertaken 
with  similar  specimens  which  had  steel  or  ceramic  interference-fit  bushes  of  2  mm  wall 
thickness.  The  outcomes  of  this  preliminary  work  included  the  following;  smface 
treatments  were  necessary  to  reduce  the  probability  of  failure  from  the  fiUets,  tihe 
ceramic  bushes  could  not  withstand  the  insertion  loads  and  the  use  of  barium 
chromate  as  an  insertion  aid  did  not  appear  to  affect  the  fatigue  life  of  the  specimens. 

On  accotmt  of  the  failure  of  the  ceramic  bushes  in  the  preliminary  tests  and  due  to  the 
lack  of  useable  data  from  previous  studies,  finite-element  modeUing  was  completed  to 
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determine  interference  and  alternating  stresses  in  the  bushes,  for  no-slip  and 
frictionless  (sHp)  contact  on  the  plate/bush  interface.  For  the  test  loads  applied,  a 
combination  of  these  two  conditions  occxirs.  Even  though  [2]  addresses  stresses  in  the 
bush,  the  assiunption  of  no-slip  restricted  the  use  of  the  equations.  Due  to  the  no-sHp 
assumption,  the  material,  geometry  and  interference  level  of  the  bushes  resulted  in  an 
unrealistic,  very  large  calculated  value  of  friction  coefficient  and  small  value  of  applied 
stress. 

A  description  of  the  finite-element  numerical  analysis  is  given  in  Section  2.  This  is 
followed  in  Sections  3  and  4  with  specimen  details,  and  testing  details  and  results  for 
the  thick  and  thin  bushed  specimens  respectively. 


2.  Numerical  Analysis 

The  preliminary  specimens  which  were  tested  witii  ceramic  (poUycrystalline  alumina) 
bushes  were  unsatisfactory.  The  bushes  cracked  circumferentially  when  inserted  into 
the  plate  due  to  the  complex  three-dimensional  stress  field  produced  in  the  bush  on 
insertion.  When  the  specimens  were  fatigue  tested,  the  bushes  rapidly  crumbled 
under  the  applied  loading,  resulting  in  the  testing  of  only  plates  with  a  hole.  Altunina 
has  a  Yoimg' s  modulus  (E)  of  390  MPa,  over  five  times  that  of  the  aluminitun  alloy  of 
the  plates,  however,  its  tensile  strength  is  very  low.  It  was  thus  decided  to  complete  a 
finite-element  (FE)  analysis  to  determine  typical  stresses  and  strains  in  interference-fit 
bushes  of  different  materials.  As  a  consequence  the  required  material  properties  were 
determined,  and  tungsten-carbide  H15F  was  selected  for  the  highest  modulus  bush 
material  and  was  used  in  all  subsequent  testing  (Ebush/Epiate^T). 

In  addition  to  this,  limited  results  have  been  presented  in  the  literahure  in  useable  form 
for  the  nmgnitude  of  stresses  in  the  insert.  This  is  partly  due  to  the  fact  that  the 
primary  focus  of  work  has  been  on  the  effect  of  alternating  stresses  in  the  reinforced 
plate.  In  this  section  the  restilts  of  FE  analyses  are  given  for  various  moduli  of  inserts, 
for  tire  geometry  case  investigated  experimentally  in  Section  3. 


2.1  Method 


In  this  FE  work,  the  general  geometry  imder  consideration  is  a  rectangular  plate,  with 
an  interference-fit  bush,  loaded  remotely  with  a  uniaxial  stress  as  shown  in  Figure  1. 
Two-dimensional  elastic  plane-stress  models,  for  the  conditions  of  no-slip  and  slip 
between  the  plate  and  the  bush,  were  studied  as  two  bounds  to  the  real  solution,  hi 
practice  the  no-slip  solution  would  be  valid  up  imtil  a  particular  remote  loading, 
depending  on  the  magnitude  of  shear  stress,  normal  force  and  friction  coefficient  at  a 
location  around  the  boundary.  As  the  remote  load  is  increased,  slip  would  then  occur 
locally;  the  region(s)  of  sHp  increasing  with  increase  in  load. 


2 


DSTO-TR-0477 


The  finite-element  models  used  were  modified  versions  of  the  rectangular  plate  model 
given  by  Allan  and  Heller  [5].  The  interference  modelling  method  is  valid  providing 
there  is  no  separation  between  the  bush  and  plate.  Due  to  symmetry,  only  one  quarter 
of  the  structure  was  modelled  (as  shown  in  Fig.  2).  For  all  analyses  the  half  height  and 
half  width  of  the  plate  was  75  nun  and  150  mm  respectively,  and  the  hole  radius  10 
mm.  The  plate  material  was  aluminium  alloy  with  a  Young' s  modulus  (E)  of  72.4  GPa 
and  Poisson's  ratio  (v)  of  0.33,  and  the  interference-fit  bush  and  plate  were  5  mm  in 
thickness.  Analyses  were  undertaken  using  the  PAFEC  (Program  for  Automatic  Finite 
Element  Calculations)  suite  of  programs,  level  8.1,  run  on  a  HP9000-755  computer. 
Displacement  constraint  equations  between  the  bush  and  plate  interface  nodes  were 
used  to  model  the  interference-fit  conditions  of  no-sHp  and  slip  for  all  pairs  of  nodes 
around  the  boimdary.  The  schematic  of  Figure  3  depicts  two  adjacent  nodal  points  on 
the  bush  and  the  plate  botmdaries  prior  to  bush  insertion.  The  two  points  become 
coincident  following  the  insertion  of  the  bush.  For  the  no-slip  case  these  nodes  were 
linked  radially  and  hoopwise  to  satisfy  the  two  boundary  conditions  on  insertion  of 
the  oversize  bush  into  the  hole; 

Mplate  “  ~  8 

I^plate  -  t^ush  ~  0 

where  5  =  difference  in  initial  bush  and  hole  radii. 

For  the  slip  case,  these  nodes  were  linked  radially  only,  ie,  no  tangential  constraint,  to 
satisfy  the  interference-fit  botmdary  condition. 


Remote  stress 


Plate 

Bush 


Figure  1.  Geometry  for  interference-fit  bush  models 
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(a)  Overall  model  db)  Region  near  hole/bush  interface 

Figure  2.  Typical  finite-element  mesh  for  interference-fit  bush  in  a  plate 


Figure  3.  Generic  geometry  for  definition  of  interference-fit  boundary  conditions  along 
bush/plate  interface  prior  to  bush  insertion 
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2.2  Comparison  with  Published  Results  for  Plate  Stresses 

Two  benchmark  FE  analyses  were  imdertaken  to  gain  confidence  in  the  FE  modelling 
method  used  for  simulating  slip  and  no-slip  conditions;  one  to  compare  with  the  no- 
shp  study  of  an  interference-fit  bush  in  a  plate  [1],  and  the  other  to  compare  widi 
Crews'  analysis  of  an  interference-fit  bolt  in  a  plate  for  the  condition  of  full-slip  [3].  In 
tiiese  reference  cases  stresses  in  the  plate  were  determined  with  and  without  a  remote 
load  applied. 

2.2.1  Plate  with  Interference-Fit  Bush  for  No-Slip  Condition 

To  enable  comparison  with  Piperias  and  Heller  [11  the  plate  and  bush  were  assigned 
the  properties  of  aluminium  alloy;  with  Epiate/Ebush  =  1,  v  =  0.33,  the  ratio  of  bush 
thickness  to  hole  radius  (t/r)  was  0.336,  and  the  bush  radial  interference  level  was  1.0% 
of  the  hole  radius. 

The  model  consisted  of  175  isoparametric  rectangular  elements  with  the  no-slip 
constraint  applied  to  the  plate/bush  interface.  For  the  two  locations  considered  in  the 
plate,  ie,  0°  and  90°  aroxmd  the  hole,  the  values  of  interference  stress  and  alternating 
stress  concur  within  2%  of  those  presented  in  [1].  The  very  small  discrepancy  in 
results  is  believed  to  be  due  to  the  difference  in  the  size  of  the  plate  modelled;  a  width 
and  height  of  15r  and  30r  respectively,  as  compared  to  20r  and  40r  respectively  as  used 
in  [1];  and  numerical  error. 

2.2.2  Plate  with  Interference-Fit  Plug  for  Slip  Condition 

The  problem  of  an  interference-fit  plug  (full  bush)  for  the  condition  of  frictionless 
contact  between  the  plug  and  plate  is  compared  to  a  numerical  analysis  given  by 
Crews  [3].  For  this  analysis  the  plate  and  bush  were  aluminium  aUoy;  with  Epiate/Ebush 
=  1,  V  =  0.33,  and  the  bush  radial  interference  level  was  1.0%  of  the  hole  radius. 

The  model  consisted  of  195  isoparametric  rectangular  elements.  The  values  of 
interference  and  total  stresses  in  the  plate  around  the  hole  concurred  within  2.5%  of 
those  presented  in  [3]  for  tiie  corresponding  case.  Again,  the  discrepancy  in  results 
could  be  attributed  to  the  difference  in  the  size  of  the  plate  modelled;  a  width  and 
height  of  15r  and  30r  respectively,  as  compared  to  an  infinite  plate  as  used  in  [3];  and 
numerical  error. 


2.3  Numerical  Analysis  of  Various  Modulus  Interference-Fit  Bushes 

From  the  satisfactory  results  of  tiie  two  benchmark  problems,  it  was  thus  assumed  that 
the  plate/bush  system  was  sufficiently  well  modelled.  The  geometric  modeUing 
details  as  described  in  Section  2.1  above  were  used  for  the  numerical  stress  analysis  of 
the  interference-fit  bushes.  Four  different  types  of  bush  material  were  analysed; 
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namely  (i)  polycrystalline  alumina,  (ii)  mild  steel,  (iii)  alximinium  and  (iv)  tungsten- 
carbide.  The  bushes  had  a  wall  thickness  of  3.36  mm,  resulting  in  a  bush  thickness  to 
hole  radius  ratio  of  0.336— the  same  as  that  for  the  tested  specimens  (where  t/r  = 
2.02/6.01)  described  in  Section  3.  As  mentioned  above,  the  plate  was  almninium  alloy 
and  bodi  no-slip  and  full-slip  cases  were  studied.  The  resultant  FE  mesh  was  the  same 
for  both  cases  and  consisted  of  175  eight-noded  isoparametric  elements;  135  plate 
elements  and  40  bush  elements.  Table  1  summarizes  the  stresses  and  strains  in  the 
bush  due  to  an  interference-fit  only  of  0.5%  (based  on  hole  radius)  for  the  no-shp  and 
slip  cases,  and  also  lists  the  appropriate  material  properties,  E  and  v,  for  each  bush. 
Resxilts  are  presented  at  four  locations  on  the  bush;  namely  points  A  and  B  located  on 
the  bush/plate  interface  on  the  X-axis  and  Y-axis  respectively,  and  points  C  and  D 
located  on  the  inner  surface  of  the  bush  on  the  Y-axis  and  X-axis  respectively;  as 
shown  in  Figure  4.  It  should  be  noted  that  stresses  due  to  interference  only  are  linear, 
thus  die  stress  values  at  different  interference  levels  can  be  readily  determined  through 
linear  scaling. 

The  alternating  radial  and  hoop  stresses  in  the  bush  due  to  an  applied  remote  load  are 
presented  in  Table  2  for  each  of  the  different  bush  materials.  These  results,  which  are 
for  the  conditions  of  no-slip  and  slip  between  the  bush  and  plate  for  locations  A-D, 
have  been  normalized  with  respect  to  the  remote  applied  stress,  and  are  valid  for  an 
applied  stress  less  dian  or  equal  to  die  separation  stress  (osep)  listed.  The  separation 
stress  is  defined  as  the  remote  load  required  to  cause  separation  between  a  pair  of 
nodes  on  the  bush/plate  boimdary.  It  is  equivalent  to  Ae  radial  stress  at  the  hole 
being  zero  at  that  location. 


Figure  4.  Locations  A-D  on  bush 
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Table  1.  Bush  stresses  and  strains  at  selected  locations  due  to  0.5%  interference  fit  only  in  an 
aluminium  plate 


Bush 

Case 

Location 

Strain  (pE) 

material 

Radial 

Hoop 

Radial 

Hoop 

Tungsten- 

No 

A 

-214.2 

-560.0 

489.4 

-158.1 

-945.8 

carbide 

slip 

B 

-214.3 

-564.1 

493.2 

-156.5 

-953.4 

E  =  540GPa 

C 

-2.99 

-762.6 

761.1 

319.3 

-1411 

v  =  0.23 

D 

-3.25 

-789.5 

787.9 

330.3 

-1461 

Slip 

A 

-213.2 

-549.9 

480.2 

-160.6 

-927.5 

B 

-215.2 

-574.1 

502.3 

-152.0 

-971.4 

C 

-2.94 

-758.9 

757.4 

317.8 

-1404 

D 

-3.30 

-793.3 

791.6 

331.8 

-1468 

Alumina 

No 

A 

-199.7 

-523.1 

457.2 

-196.7 

-1221 

E  =  390GPa 

slip 

B 

-199.6 

-524.4 

458.4 

-195.7 

-1224 

v  =  0.235 

C 

-2.82 

-712.5 

711.1 

422.1 

-1825 

D 

-3.03 

-733.7 

732.2 

434.3 

-1879 

Slip 

A 

-198.9 

-514.7 

449.6 

-199.7 

B 

-200.3 

-532.6 

466.0 

-192.7 

-1245 

C 

-2.79 

-710.4 

709.0 

420.9 

-1820 

D 

-3.06 

735.9 

734.4 

435.6 

-1885 

Steel 

No 

A 

-166.4 

-436.8 

381.8 

-1851 

E  =  209GPa 

slip 

B 

-166.1 

-435.2 

380.4 

-169.9 

-1844 

v=0.3 

C 

-2.59 

-595.8 

594.5 

842.8 

-2847 

D 

-2.72 

-608.4 

607.0 

Slip 

A 

-165.8 

-431.4 

376.9 

-174.2 

-1826 

B 

-166.6 

-440.5 

385.3 

-164.7 

-1869 

C 

-2.58 

-595.6 

594.3 

842.6 

■2846 

D 

-2.73 

-608.6 

607.3 

860.5 

-2908 

Aluminium 

No 

A 

-98.45 

-258.7 

226.2 

-3125 

E  =  72.4  GPa 

slip 

B 

-98.27 

-257.2 

224.8 

-184.9 

-3105 

v  =  0.33 

C 

-1.62 

-354.3 

353.5 

1592 

-4886 

D 

-1.66 

-358.2 

357.4 

-4941 

Slip 

A 

-98.27 

-256.9 

224.5 

■186.3 

-3100 

B 

-98.45 

-259.0 

226.4 

-179.3 

-3129 

C 

-1.63 

-354.8 

354.0 

1595 

-4893 

D 

-1.66 

-357.8 

356.9 

1608 

-4934 

The  FE  analysis  shows  that  the  interference  stresses  and  strains  for  the  no-slip  and  slip 
cases  are  similar.  The  small  difference  between  them  is  due  to  the  (non-infinite) 
geometry  of  the  plate  rendering  the  problem  non-axi-symmetric.  Less  constraint  was 
provided  by  the  finite  width  tihan  by  the  height.  Numerical  error  is  the  reason  for  the 
radial  stresses  at  the  inner  locations  (C  and  D)  not  being  equal  to  zero.  The  results  also 
indicate  that  the  magnitude  of  the  bush  stresses  decreases  with  decrease  in  stiffness  as 
expected,  ie,  the  stiffer  the  bush  material  the  more  stress  it  can  carry.  The  magnitude 
of  the  strains  increase  as  stiffness  decreases,  showing  that  the  less  stiff  the  bush,  the 
more  it  deforms.  The  inside  surface  of  the  bush  experiences  a  larger  magnitude  of 
hoopwise  stress  and  strain  than  the  bush/plate  interface.  The  FE  analysis  shows  that 
the  alumina  bush  had  to  endxire  tensile  strains;  which  it  could  not.  This,  along  with 
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the  three-dimensional  stress  field  arising  during  insertion,  was  the  reason  why  the 
alumina  failed. 

Table  2.  Bush  normalized  alternating  stresses  at  selected  locations 


Bush  material 

Case 

Location 

Normalized  alternating  stress 

Radial 

Hoop 

Txmgsten- 

No 

A 

0.583 

0.730 

carbide 

slip 

B 

0.618 

2.420 

Osep  =  204  MPa 

C 

-0.052 

-4.067 

D 

0.069 

8.416 

Slip 

A 

0.139 

-4.066 

B 

1.053 

7.193 

C 

-0.074 

-5.853 

D 

0.092 

10.18 

Alumina 

No 

A 

0.590 

1.235 

Gsep  =  218  MPa 

slip 

B 

0.528 

1.698 

C 

-0.043 

-3.258 

D 

0.059 

7.308 

Slip 

A 

0.190 

-3.026 

B 

0.919 

5.937 

C 

-0.058 

-4.368 

D 

0.074 

8.394 

Steel 

No 

A 

0.553 

1.751 

CTsep  =  242  MPa 

slip 

B 

0.377 

0.688 

C 

-0.032 

-2.089 

D 

0.047 

5.457 

Slip 

A 

0.234 

-1.529 

B 

0.689 

3.950 

C 

-0.036 

-2.226 

D 

0.051 

5.575 

Aluminium 

No 

A 

0.371 

1.517 

Usep  =  272  MPa 

slip 

B 

0.178 

-0.079 

C 

-0.017 

-1.020 

D 

0.027 

3.007 

Slip 

A 

0.183 

-0.346 

B 

0.362 

1.776 

C 

-0.013 

-0.520 

D 

0.022 

2.499 

The  data  of  Table  2  show  that  the  addition  of  a  remote  stress  results  in  a  difference 
between  the  no-shp  and  slip  values  of  normalized  alternating  stress,  especially  on  the 
bush/plate  interface.  A  marked  variation  in  the  bush  stresses  between  the  0°  and  90° 
locations,  especially  the  hoop  stresses,  which  are  greater  for  the  higher  modulus 
bushes,  and  on  the  inside  stirface  of  the  bush,  is  indicated.  Again,  the  radial  values  at 
locations  C  and  D  should  be  zero.  As  for  the  hoop  stresses,  the  radial  stresses  tend  to 
be  higher  for  the  stiffer  material.  The  separation  stress  is  shown  to  increase  with  a 
decrease  in  bush  stiffness  indicating,  as  previously,  that  the  less  stiff  the  bush,  the 
more  it  deforms. 
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3.  Experimental  Analysis  of  Thick-Walled  Bush 

Specimens 

As  mentioned  in  Section  1,  preliminary  tests  were  undertaken  with  specimens  similar 
to  those  described  in  Section  3.1  below.  These  tests  highlighted  the  ability  of  the 
interference-fit  bush  to  reduce  the  stress  concentration  in  the  plate.  The  stress 
concentration  of  the  hole  was  reduced  such  that  failure  in  the  fillet  region  was 
common.  The  fillets  were  therefore  altered,  however  then  failure  tended  to  be  initiated 
from  the  surface  of  the  test  section.  The  test  section  of  the  preliminary  specimens  was 
polished  with  distilled  water  or  kerosene  as  the  lubricant,  however,  this  did  not  help 
prevent  surface  cracks  from  forming  in  this  region.  A  1990  report  on  this  topic  [6] 
concluded  that  the  surface  cracks  in  7050  aluminium  alloy  specimens  "had  mitiated 
from  corrosion  pitting  and  intergranular  cracking  associated  with  the  corrosion 
pitting",  and  "that  the  corrosion  took  place  during  and/ or  after  the  polishing  phase  of 
specimen  preparation".  These  preliminary  tests  concluded  that  surface  treatments  (of 
rounding  and  polishing  the  edges,  and  shot-peening)  of  the  fiUets,  were  necessary  to 
transfer  failure  to  the  test  section,  and  that  polishing  of  tire  test  section  of  the  plate  may 
be  detrimental.  Hence  for  the  present  tests,  the  specimens  had  (i)  modified  fiUets 
(where  necessary)  and  (ii)  an  unpolished  test  section. 


3.1  Specimen  Details 

The  specimens  were  comprised  of  two  components;  namely  a  dog-bone-shaped  plate 
with  a  central  hole,  and  an  interference  fit  bush;  as  shown  in  Figure  5.  The  dog-bone 
plate  was  manufactured  from  a  144.17  mm  thick  rolled  plate  of  7050-T73651 
aluminium  alloy,  the  loading  direction  being  the  longitudinal  direction  of  the  plate.  A 
central  pilot  hole  was  drilled  and  then  lightly  reamed  out  to  12.02  mm  diameter  in  the 
12.5  mm  thick  specimen.  To  increase  the  probability  of  failure  within  the  test  section, 
the  sharp  edges  of  the  fillets  were  rotmded  with  a  file  and  then  polished  with  120,  240 
and  1200  grit  emery  paper.  The  plate  (excluding  the  gripping  sections  and  the  test 
section)  was  Ihen  shot-peened  with  filtered  glass  beads  at  60  psi  (413.7  kPa).  The  test 
section  of  the  plate  was  left  unpolished— removal  of  the  machining  marks  was 
believed  to  perhaps  remove  beneficial  residual  surface  compressive  stresses 

The  interference-fit  bushes  were  manxifactured  from  altuninixim  alloy  7050-T73651, 
stainless  steel  (type  304)  or  timgsten-carbide  (grade  H15F)  and  were  precisely  ground 
to  produce  an  interference  fit  of  0.5%  with  the  holes  of  the  dog-bone  plates  (ie,  elastic 
deformation  of  the  aluminium  plate).  The  actual  values  of  interference  for  each 
specimen  are  listed  in  Table  3  and  range  from  0.50  to  0.51%.  The  wall  thickness  of  the 
bushes  was  2  mm,  which  gave  the  same  relative  wall  thickness  as  analysed  in  Section 
2.3.  Both  tire  plate  and  bush  were  degreased  prior  to  assembly.  The  shallow  taper  on 
the  outside  surface  of  the  bush  allowed  easy  alignment  with  the  plate  hole.  The  bush, 
which  was  lubricated  with  barium  chromate,  was  then  inserted  using  a  standard 
servohydraulic  test  machine. 
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(b)  bush 

Figure  5.  Geometry  of  interference-fit  thick-walled  bush  specimens 

Table  3.  Plate  and  thick-walled  bush  combinations  and  resultant  interference-fit  levels 


Specimen 

Hole  Dia. 
(mm) 

Bush 

Outer  Dia. 
(mm) 

Interference 

(%) 

Timgsten-carbide 

KD1S17 

12.020 

WC-20 

12.081 

0.51 

KD1S4 

12.020 

WC-16 

12.081 

0.51 

KDISIO 

12.020 

WC-18 

12.081 

0.51 

Steel 

12.019 

ST-3 

12.080 

0.51 

KD1S8 

12.019 

ST-6 

12.080 

0.51 

KD1S23 

12.019 

ST-7 

12.080 

0.51 

Aluminium 

KD1S15 

12.018 

AL-3 

12.078 

0.50 

KDlSll 

12.018 

AL-8 

12.079 

0.51 

KD1S9 

12.019 

AL-2 

12.079 

0.50 

Hole  Only 

KD1S2 

12.011 

KD1S29 

12.020 

KD1S24 

12.020 
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3.2  Testing  Details 

The  fatigue  tests  were  conducted  in  an  Instron  250  kN  test  machine  with  PC  interface 
to  specify  and  monitor  the  load  sequence  applied.  The  load  sequence  utilized  was  of  a 
flight-by-flight  type  developed  from  the  stress  history  of  the  wing  root  of  an 
Australian  F/A-18  aircraft.  Each  repeated  loading  block  (program)  was  equivalent  to 
302.9  flight  hours  and  consisted  of  22,010  turning  points,  with  a  minimmn  stress  of 
-0.38CTmax.  The  average  cyclic  frequency  used  was  10  Hz.  Testing  was  conducted  at  a 
maximum  net-stress  level  of  200  MPa,  based  on  the  minimum  cross-sectional  area  of 
tile  plate.  A  total  of  12  tests  were  performed  and  consisted  of  three  of  each  of  the 
following  specimen  types: 

(i)  plate  with  tungsten-carbide  interference-fit  bush, 

(ii)  plate  with  steel  interference-fit  bush, 

(iii)  plate  witii  aluminium  interference-fit  bush,  and 

(iv)  plate  with  open  hole. 

The  stress  concentration  factor  due  to  remote  loading  (Kt)  for  each  specimen  type  is 
0.28, 0.74, 1.53  and  3.07  respectively,  as  determined  from  the  no-slip  FE  analysis. 


3.3  Results  and  Discussion 

The  fatigue  lives  of  the  specimens  are  listed  in  Table  4  in  flight  hours  and  the  relative 
mean  lives  are  given  in  Table  5.  The  results  show  that  the  increase  in  life  of  aU  of  the 
bushed  specimens  over  the  hole-only  specimens  was  very  large  (at  least  10.9  times).  It 
also  appears  that  the  longer  fatigue  lives  are  associated  with  the  low  modulus  bushes. 
Thus,  it  appears  that  effects  not  accoimted  for  in  tiieory  [1-4]  dominated. 


Table  4.  Spectrum  fatigue  lives  of  thick-walled  bush  modulus  specimens 


Bush 

Life  (flight  hours) 

Log.  average  fatigue  life 
(flight  hours) 

Tungsten-carbide 

152346 

167388 

169308 

162834 

Steel 

88926 

393757 

284902 

215270 

Aluminium 

226442* 

415561 

447663 

431313 

Hole  only 

13794 

14545 

16647 

14948 

*  from  surface,  thus  disregarded 


11 


DSTO-TR-0477 


Table  5.  Ratios  of  average  lives  of  thick-walled  hush  modulus  specimens 


Comparison 

Ratio  of  mean  lives 

Tungsten  -  carbide  bush 

Hole  only 

10.89 

Steel  bush 

Hole  only 

14.40 

Aluminium  bush 

Hole  only 

28.85 

The  thick-bushed  specimens  had  lives  which  were  similar  to  that  of  a  plate  without  a 
hole.  The  interference-fit  2  mm  thick  bushes  significantly  reduced  the  Kt  of  the  hole 
such  that  surface  treatments  were  necessary  to  reduce  the  chance  of  failure  in  the  fillet 
region  or  surface  of  the  plate.  The  high  modulus  bushed  specimens  experienced  an 
increased  mean  stress  level.  This  may  have  contributed  to  their  shorter  lives. 

A  similar  degree  of  fretting  was  apparent  on  all  bushed  specimens,  however,  the 
fretting  of  the  steel  bushed  specimens  tended  to  be  more  concentrated.  The  aluminium 
and  steel  bushes  also  showed  fretting  wear;  the  fretting  of  the  tungsten-carbide  bushes 
was  comparatively  small.  Typical  fracture  surfaces  are  given  in  Figure  6.  Witii  the 
bushed  specimens,  the  crack  origins  appear  to  be  subsurface,  from  voids  or  inclusions 
adjacent  to  the  hole.  Under  a  microscope,  a  small  45°  lip  adjacent  to  the  hole  of  the 
tungsten-carbide  and  steel  bushed  specimens  was  detected.  This  lip  could  weU  be  due 
to  Stage  I  cracking  before  the  crack  surface  levels  out  (Stage  II).  The  location  of  the 
crack  origin  and  the  shape  of  the  elliptical  crack  surfaces,  indicates  that  the  stresses 
down  the  bore  of  the  hole  are  less  than  those  due  to  adjacent  subsurface  inclusions. 
Figure  6  also  shows  that  the  7050  aluminium  aUoy  has  a  coarse  grain  size. 


(a)  aluminium  bushed  specimen 


(b)  steel  bushed  specimen 


(c)  tungsten-carbide  bushed  specimen  (d)  hole  only  specimen 


Figure  6.  Specimen  fractures  of  7050  alloy  plate  (actual  width  of  fracture  plane  is  60  mm) 
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The  results  clearly  indicated  that  there  is  no  benefit  in  reducing  the  Kt  of  the  hole  in  the 
plate  to  significantly  less  than  one.  Due  to  these  interesting  results,  it  was  decided  to 
repeat  these  tests  with  values  of  Kt  close  to  or  greater  than  one  by  using  thin-walled 
bushes  as  described  below. 

4.  Experimental  Analysis  of  Thin-Walled  Bush 

Specimens 


4.1  Specimen  Details 

The  thin-waUed  bush  specimens  were  very  similar  to  those  described  in  Section  3.1,  as 
shown  in  Figure  7.  The  plate  geometry  was  only  slightly  different,  ie,  in  the  fillet 
region  and  length,  as  compared  to  the  previous  specimens.  However,  the  key 
difference  was  that  the  bush  wall  thickness  was  reduced  from  2  mm  to  1  mm. 
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Figure  7.  Geometry  of  interference-fit  thin-walled  bush  specimens 
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The  dog-bone  plate  was  manufactured  from  a  2530  mm  length  extruded  bar  of  7075- 
T73511  aluminium  alloy  with  a  rectangular  cross-section  of  127  mm  x  76.2  mm,  the 
loading  direction  being  the  longitudinal  direction  of  the  bar.  To  increase  the 
probabihty  of  failure  wilhin  the  test  section,  the  sharp  edges  of  the  steel  and  tungsten- 
carbide  bushed  specimen  fillets'  were  rotmded  with  a  file  and  then  polished  with  120, 
240  and  1200  grit  emery  paper.  The  plate  for  the  tungsten-carbide  bushed  specimens 
(excluding  the  gripping  sections  and  the  test  section)  were  also  shot-peened  with 
filtered  glass  beads  at  60  psi  (413.7  kPa). 

The  interference-fit  bushes,  which  had  a  wall  thickness  of  1  mm,  were  manufactured 
from  aluminium  alloy  7075  (DTD  683),  stainless  steel  (type  304)  or  tungsten-carbide 
(grade  H15F).  They  were  grotmd  to  produce  an  interference  fit  of  0.5%  with  the  holes 
of  the  dog-bone  plates  (ie,  elastic  deformation  of  the  alruniniiun  plate).  The  actual 
values  of  interference  for  each  specimen  are  listed  in  Table  6  and  range  from  0.52  to 
0.55%. 


Table  6.  Plate  and  thin-walled  bush  combinations  and  resultant  interference-fit  levels 


Specimen 

Hole  Dia. 
(mm) 

Bush 

Outer  Dia. 
(mm) 

Interference 

(%) 

Tungsten-carbide 

KG2D4 

12.014 

WC-Dl 

12.079 

0.54 

KG2C2 

12.013 

WC-C4 

12.077 

0.53 

KG2G4 

12.014 

WC-D4 

12.078 

0.53 

KG2D3 

12.012 

WC-D3 

12.075 

0.52 

Steel 

KG2B2 

12.015 

ST-B4 

12.079 

0.53 

KG2B3 

12.016 

ST-B2 

12.080 

0.53 

KG2E4 

12.013 

ST-C2 

12.078 

0.54 

KG2C3 

12.017 

ST-Bl 

12.081 

0.53 

Aluminium 

KG2F2 

12.015 

AL-E2 

12.081 

0.55 

KG2C4 

12.013 

AL-El 

12.077 

0.53 

KG2F3 

12.014 

AL-F2 

12.078 

0.53 

KG2E3 

12.013 

AL-n 

12.077 

0.53 

Hole  Only 

KG2C1 

12.014 

KG2D1 

12.014 

KG2G1 

12.012 

KG2G3 

12.013 
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4.2  Testing  Details 


The  specimens  were  tested  in  the  same  manner  as  the  thick-walled  bush  specimens 
except  the  net-area  stress  was  increased  to  280  MPa,  and  four  of  each  of  the  specimen 
types  (as  listed  in  Section  3.2)  were  tested.  The  Kt  due  to  remote  loading  for  each  of  the 
thin-walled  bush  specimen  types  is  0.74, 1.35, 2.10  and  3.07  respectively,  as  determined 
from  the  no-slip  FE  analysis. 


4.3  Results  and  Discussion 

The  fatigue  lives  of  the  specimens  are  listed  in  Table  7  in  flight  hours  and  the  relative 
mean  lives  are  given  in  Table  8.  The  results  show  that,  on  average,  the  higher  tire 
modulus  of  the  interference-fit  bush,  the  longer  the  life  of  the  specimen. 


Table  7.  Spectrum  fatigue  lives  of  thin-walled  bush  modulus  specimens 


Bush 

Life  (flight  hours) 

Log.  average  fatigue  life 
(flight  hours) 

Tungsten-carbide 

39140 

32410 

45367 

81341 

41055 

Steel 

37565 

33022 

37393 

33785 

46652 

Aluminium 

26438 

20300 

24949 

26170 

27587 

Hole  only 

5742 

6537 

5865 

5920 

5325 

Table  8.  Ratios  of  average  lives  of  thin-walled  bush  modulus  specimens 


Comparison 

Ratio  of  mean  lives 

Tungsten  -  carbide  bush 

Hole  only 

7.74 

Steel  bush 

Hole  only 

6.38 

Aluminium  bush 

Hole  only 

4.25 
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As  mentioned  previously,  the  interference-fit  1  imn  thick  tungsten-carbide  and  steel 
bushes  reduced  the  Kt  of  the  plate  hole  to  a  value  of  0.74  and  1.35  respectively,  and  to 
2.10  for  the  altiminium  bushed  specimens.  On  average,  the  steel  and  tungsten-carbide 
bushed  specimens  had  a  longer  life  than  the  aluminium  bushed  specimens.  However, 
as  the  vdue  of  Kt  for  these  higher  modulus  bushed  specimens  was  aroimd  one,  the 
increase  in  life  over  the  aluminium  bushed  specimens  was  not  substantial. 

A  similar  degree  of  fretting  was  apparent  on  all  bushed  specimens  and  bushes. 
Typical  fracture  stirfaces  are  shown  in  Figure  8.  It  can  be  assumed  that  fretting  did  not 
dominate  due  to  the  relative  shortness  of  the  specimen  lives.  With  the  bushed 
specimens,  the  crack  origins  appear  to  be  on  the  free  surface  of  the  plate  adjacent  to  the 
hole.  This,  and  the  elliptical  crack  shape,  indicates  that  the  stresses  on  the  free  surface 
are  greater  than  those  down  the  bore  of  the  hole.  Figure  8  shows  that  the  7075 
aluminium  aUoy  has  a  much  finer  grain  size  than  the  7050  alloy. 


{a)  aluminium  busked  specimen 


(c)  tungsten-carbide  bushed  specimen 


(b)  steel  bushed  specimen 


(d)  hole  only  specimen 


Figure  8.  Specimen  fractures  of  7075  alloy  plate  (actual  width  of  fracture  plane  is  60  mm) 
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5.  Conclusions 


In  tills  testing  program  tire  fatigue  life  of  plates  with  central  holes,  with  thick  and  thin 
various  modulus  interference-fit  bushes,  was  determined  imder  a  representative 
fighter-aircraft  loading  sequence.  The  test  results  of  the  thin-bushed  specimens 
indicated  that  the  higher  the  modulus  of  the  interference-fit  bush,  the  longer  the 
fatigue  life  of  the  specimen.  On  average,  the  steel  and  tungsten-carbide  bushed 
specimens  had  a  longer  life  than  the  aluminium  bushed  specimens.  However,  as  the 
stress  concentration  factor  (due  to  remote  loading)  for  these  higher  modulus  bushed 
specimens  was  around  one,  the  increase  in  life  over  the  almninium  bushed  specimens 
was  not  substantial.  The  thick-waU  bushed  specimens  experienced  an  increase  in  life 
of  between  10.9  and  28.9  times  the  life  of  the  hole-only  specimens,  where  the  longer 
lives  appeared  to  be  associated  with  the  low  modulus  bushes.  The  high  modulus 
bushed  specimens  experienced  an  increased  mean  stress  level.  This  may  have 
contributed  to  their  shorter  lives. 

The  results  of  the  testing  program  clearly  showed  that  there  is  no  benefit  in  reducing 
the  stress  concentration  factor  (due  to  remote  loading)  of  the  hole  in  the  plate  to  less 
fiian  one.  Depending  on  the  relative  thickness  and  modulus  of  fiie  interference-fit 
bush,  different  failure  modes  can  result.  Thus,  in  practice,  the  higher  the  relative  bush 
modulus  does  not  necessarily  correspond  to  a  better  solution  for  life  extension 
(compared  to  that  of  a  lower  modulus  bush). 

The  finite  element  work  conducted  determined  stresses  and  strains  in  interference-fit 
bushes  of  different  materials.  Conditions  of  no-sHp  and  full-slip  between  the  bush  and 
plate  were  modelled.  The  finite-element  analyses  showed  that  the  maximum  stress  in 
file  bush  increased  with  increase  in  bush  modulus.  It  was  also  found  that  high  tensile 
strains  occurred  in  the  bush  at  the  inner  sxurface.  It  is  believed  that  these  tensile  strains 
may  have  been  the  reason  why  the  aliunina  bushes  used  in  preliminary  tests  failed  on 
insertion. 
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